The area of high-throughput plant phenomics focuses on developing and deploying hardware and software, including sensors, analysis techniques, and computational methods, with the requisite expertise to rapidly discover and measure a wide array of plant traits. From there, scientists in many disciplines are employed to generate the knowledge to develop plants and plant products that support humanity with reduced environmental impacts. To advance in an area that requires expertise from fields such as biology, computer science, engineering, mathematics, physics, and statistics, reaching out across disciplines is a must and training in new areas can help. Here we report on how the North American Phenotyping Network (NAPPN) was founded, describe its mission to bridge disciplinary and national boundaries, and outline future plans for its expansion. To get involved with NAPPN and join as a member at no cost, visit the organization's website at http://nappn.plant-phenotyping.org/. W e define plant phenomics as the measurement of traits that may be associated with plant structure and/or function at scales from molecules to ecosystems Furbank and Tester, 2011) . Because the expression of such traits is influenced by environmental factors, and may not be visible to the naked eye, plant phenomics can require a large amount of effort and expertise from multiple scientific disciplines (Xu et al., 2018; Helliwell et al., 2013) .
Strategy for Collaboration and Communication in North America
In early 2016, we (the authors) organized a series of three National Science Foundation (NSF)-funded workshops to identify key challenges in plant biology and applied breeding with emphasis on managing the datasets derived from the use of so called "high-throughput phenotyping" tools. The groups convened developed similar guidance at each venue: that improved communication and collaboration opportunities that span national, international, and disciplinary boundaries are needed to share the current state-of-the-art and knowledge. With this need in mind, we set to work to build a plant phenotyping network for North America. The need for such a network in North America is underscored by the recent call for proposals from both USDA (through NIFA FACT [National Institute of Food and Agriculture, 2018] ) and NSF (through the Big Data Hubs [National Science Foundation, 2018a] and AccelNet [National Science Foundation, 2018b] ) to support such networks in agricultural and other sciences, and the establishment of "Understanding the Rules of Life: Predicting Phenotype" as one of the 10 Big Idea investment areas by the NSF (National Science Foundation, 2018c A number of national and regional Plant Phenotyping Networks (PPNs) have organized over the last decade, each with its own unique structure, goals, and mission. Overall, these networks promote interaction and cooperation among the diverse stakeholders within the plant phenotyping community (Pieruschka and Lawson, 2015) .
Until formation of the NAPPN in 2015, North American phenomics researchers lacked a formal organizing structure in their own regional community.
One highly successful example among the PPNs is the EU-funded joint research program, the European Plant Phenotyping Network (EPPN), which in its original iteration in 2012 sought to: (i) integrate European plant phenotyping efforts; (ii) enable close interaction among users of phenotyping platforms and developers of phenotyping technology; (iii) develop sensor technology; (iv) define and promote good phenotyping practices and IT standards for plant phenotyping; and (v) support access to major plant phenotyping facilities in Europe. From 2012 to 2015, 14 European partner institutions from nine countries successfully enabled 66 experiments. The first EPPN ended in 2015 after successful completion and is being continued with the EPPN 2020 (https://eppn2020.plant-phenotyping.eu/) and European Infrastructure for Multi-scale Plant Phenomics and Simulation (EMPHASIS) programs (https://emphasis.plant-phenotyping.eu/) (Roy et al., 2017) . While EPPN 2020 is focused on enabling the scientific community to achieve progress across the whole phenotyping pipeline, EMPHASIS is focused on access to distributed research infrastructure for multiscale phenotyping under different agroclimatic scenarios.
Scientists from Europe and Australia were instrumental in establishing a consortium of institutions and networks to form the International Plant Phenotyping Network (IPPN, http:// plant-phenotyping.org/) in 2015. The IPPN was founded as an association of member institutions from around the world engaged in plant phenotyping research. The purpose of the IPPN is to promote science and research in the field of plant phenotyping, focusing particularly on the goals of (i) establishing a global network of institutions to maximize synergies and reduce bottlenecks, (ii) fostering communication and cooperation among different stakeholders, (iii) advocating for the discipline of plant phenotyping beyond its own research community, and (vi) facilitating the interdisciplinary training needed for effective plant phenotyping research. North America is recognized as a region with both strong interests and growing resources associated with high-throughput plant phenotyping, and a network was sought here to serve as a contact point for international engagement. The IPPN elected a North American scientist as co-chair of its inaugural Executive Board in 2015 and offered its official support for the creation of an affiliated North American Plant Phenotyping Network (NAPPN) as a way to facilitate the sharing of knowledge and opportunities with colleagues in North America.
Formation of the North American Plant Phenotyping Network
With the official support of the IPPN and an interest from the Foundation for Food and Agriculture Research (FFAR, https://foundationfar.org/), in early 2016, core members of the plant phenotyping community in North America organized and participated in the first convening of the NAPPN at Purdue University. An organizational structure, set of initial goals, and scope of membership were discussed. Several institutions in North America joined the IPPN, and these institutional representatives agreed to contribute to the development of the NAPPN and serve as a connection between the IPPN and the NAPPN.
Based on community input and with support from the American Society of Plant Biologists, the network's first General Assembly was held at the Phenome 2017 meeting in Tucson, AZ, when an ad hoc board was formed. It became clear that many researchers involved in phenomics had enthusiasm for the organization, so a mission, vision, and values were developed (see below). The NAPPN ad hoc board formulated provisional bylaws, set up a website and member listserv, and conducted the election of an inaugural Executive Board (to replace the ad hoc board).
Plant Phenotyping Networks
At the Phenome 2018 meeting, the NAPPN held another General Assembly meeting where the results of the Executive Board election were announced and discussions were held on several topics relevant to NAPPN members. These topics included seeking support for research coordination, creating mechanisms for sharing resources such as equipment and facilities, career opportunities in industry, and finding novel ways to enable transdisciplinary research by organizing and publicizing opportunities for researchers across disciplines to learn from each other.
The vision, mission, and values of the NAPPN are as follows:
Vision
The field of phenomics will become so advanced that tools that will enable researchers to analyze and quantify phenotypic data become "turn-key" (accurate, robust, and accessible), thus allowing plant biologists to treat phenotypic prediction as a routine component of plant biological investigation and development.
Mission NAPPN seeks to achieve this vision by:
Accelerating the visibility and impact of advanced plant phenotyping research.
Maximizing existing synergies: identify and reduce potential bottlenecks and facilitate collaboration spanning disciplines, locations, and facilities across the region and beyond.
Incentivizing mutually beneficial research between public and private sectors.
Promoting a framework for data standards that facilitate data access and sharing (Coppens et al., 2017) .
Increasing the visibility and impact of plant phenotyping as a tool to broaden participation in plant sciences research.
Facilitating the interdisciplinary training needed for effective basic and translational plant phenotyping research.
Values
The NAPPN involves diverse stakeholders including, but not limited to, researchers, developers, and consumers of phenotyping technologies across all organizational dimensions (see Fig. 1 ). To do so, the organization relies on and encourages open communication and welcomes all perspectives irrespective of stature.
Organizational Fit
The NAPPN provides a venue for discussion and sharing of knowledge by the plant phenotyping community. Topics include education and training (including professional development), research priorities, phenotyping tools and infrastructure, communicating with scientific societies across relevant disciplines, and career opportunities. We welcome individuals from the non-profit and for-profit sectors who have a vested interest in plant phenotyping as a scientific discipline. The NAPPN serves as the North American partner to the IPPN.
The Future
We encourage a multipronged approach to training, including the development of explicit graduate opportunities; summer courses for students, postdocs, faculty, and staff; and immersion experiences for retooling (e.g., sabbatical work). As useful tools and data collection methods are developed and researchers acquire the skills needed to collect large-scale, multifaceted datasets, the development of standards, methods, and best practices to share the information gathered in machine-readable and computable formats will become key to maximizing the impacts of research through data discovery and reuse.
It is critical that we recognize that the best of efforts among individual scientists and teams of researchers will ultimately fall short of their goals regarding 21st century science practice without commensurate institutional innovations. Reward structures in many academic institutions continue to give preeminent recognition to solo-authored work, published results over published data products, and scholarship in the home-discipline content Within engineering, the American Society of Agricultural and Biological Engineers has invited NAPPN representation to their annual conference. It is through coordination among groups working in each of these disciplines that predictive phenomics will blossom, making the activities of the NAPPN cross-cutting and critical for breaking down silos and disciplinary boundaries.
domain at the expense of scholarship in the kinds of emergent, transdisciplinary domains favored by data scientists. To adapt to the changing research climate, institutions of higher education and their peer organizations operating outside of the academy will need to make fundamental changes in reward structures that incentivize (i) the sharing of data, (ii) more extensive involvement of individual faculty in transdisciplinary and trans-institutional research collaborations, (iii) equality of recognition for research products outside of a researcher's area of domain expertise, and (iv) enlargement of the definition of scientific scholarship to include the kinds of data-rich activities at the center of data science.
